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Abstract 
Currently the use of solar energy for heating and cooling isn’t widespread. In order to reduce primary energy consumption in the 
built environment along with improving the thermal performance of the current building stock, retrofit solutions are required to 
utilise renewable energy. Using solar energy to reduce primary energy consumption is seen as a possible solution. With the 
precipitous fall in the prices of crystalline solar photovoltaic modules, utilising this technology to reduce electrical energy 
consumption for cooling is an attractive solution. Recently, a sorption module integrated collector has been developed in order to 
improve cost-effectiveness and simplify solar thermal heating and cooling systems. A techno-economic analysis has been 
performed to evaluate solar photovoltaic cooling and solar thermal cooling systems for residential renewable energy retrofit. The 
analysis is based on potential energy and cost savings according to simulated heating and cooling loads under climatic conditions 
of Madrid, Spain. Simplified models were used to determine heating and cooling demands and the solar energy contribution to 
heating and cooling loads. Additionally, given the sorption collector’s unique capacity to store solar energy thermally and 
provide cooling at night an analysis has been carried out to identify the combined benefit of solar-assisted heating and cooling via 
photovoltaics during the day and solar sorption at night. For system sizes between 5m2 and 20m2 solar fractions between 16% 
and 64% could be achieved which translated to annual energy cost savings between €153 to €615.  
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The use of solar energy in the built environment can make an important contribution to the reduction of the use of 
fossil fuels and the emissions of harmful environmental effluents. In the European Union (EU) more than 25% of 
primary energy consumption is attributed to the buildings of which a major percentage is associated with heating and 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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cooling [1]. In spite of favourable energy saving prospects, solar heating and cooling technology is still somewhat a 
scarcity, due to their high initial costs and to the lack of knowledge on system implementation and expected 
performance. According to [1], strategic R&D requirements for solar thermal cooling up until 2020 include: 
standardised plug-and-function small and medium sized solar thermal cooling kits; highly integrated systems for 
cooling, heating, hot water and process heat and design guidelines and proven operational and maintenance concepts 
for overall systems. Within this development branch much attention needs to be paid to the performance and cost 
effectiveness of the aforementioned systems to ensure their proliferation. 
 
 In this study the technical and economic performance of different systems for heating and cooling utilising solar 
energy are investigated. The primary aim is to define a methodology to investigate the energy and cost saving 
potential of various state-of-the-art solar heating and cooling systems for retrofit installations in typical existing 
single family dwellings. The study is based on simplified simulation models for all systems where dynamic system 
operations have not been accounted for.  Average efficiencies were employed to calculate system efficiencies and 
thus energy and cost savings. 
 
Nomenclature 
COP Coefficient of performance  
Ecool  Cooling Energy Delivered by a SunCool Sorption Module (Wh) 
EDHW  Heating Energy to Domestic Hot Water Store (kWh) 
H Daily Solar Insolation (kWh/m2-day) 
Qcool  Cooling power delivered by a SunCool Sorption Module (W) 
TDHW Average Supply Temperature to Domestic Hot Water Store (°C) 
ǻTlift Difference of Re-Cooling Temperature and Chilled Water Supply Temperature (°C) 
Șb Boiler System Efficiency (-) 
2. System description 
Four systems have been evaluated, one reference system and three different systems including solar energy 
utilisation. The reference heating and cooling system comprises a conventional air cooled vapour compression 
chiller for air conditioning and a natural gas fired boiler for the space heating and the preparation of domestic hot 
water.  The first solar-assisted heating and cooling system (System 1) uses a photovoltaic (PV) installation with 
standard photovoltaic modules connected to a grid-tied inverter. This converts solar electricity from direct current to 
alternating current to be fed directly to the vapour compression chiller. The second solar-assisted heating and cooling 
system (System 2) has sorption module integrated collectors which produce both heating and cooling directly from 
the collectors. The collectors work on a day and night batch process principle; during the day solar radiation drives a 
desorption process within the collectors and at night an absorption process produces the chilling effect to meet 
cooling demands. In the intermediate process between desorption and absorption when the absorber is cooled down 
via a flow of re-cooling fluid, high temperature heat (>50°C) from the hot absorber is used for domestic hot water 
preparation. The system consists of the collectors, pumps, dry cooler and cold store. System 3 is a combination of the 
first and second systems with solar assisted heating and cooling via photovoltaics during the day and solar sorption 
at night. In Table 1 the evaluated systems are summarised. 
2.1. Reference system  
The reference system represents a typical heating and cooling installation for a single family house in Europe. 
This consists of a natural gas fired boiler with hot store which satisfies both space and domestic hot water (DHW) 
needs in the winter and DHW only in the summer. The heating system in the house consists of a water-based 
hydronic loop with radiators for central heating of the building. The air conditioning unit comprises an air cooled 
vapour compression chiller unit with water as the distribution media for a centralised cooling system of the house.  
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2.2. System 1 
System 1 comprises the reference cooling and heating system as described above as the base systems along with 
the addition of monocrystalline photovoltaic panels as a supplementary solar energy system. These modules were 
connected to a generic maximum power point tracking (MPPT) inverter for direct to alternating current conversion 
where the electrical grid acted as storage for the system throughout its yearly operation. 
2.3. System 2 
Like System 1, System 2 builds upon the reference system as the main cooling and heating units but supplements 
the system with solar-derived thermal energy by means of the double-glazed flat plate sorption integrated solar 
thermal collector (SunCool collector) developed by ClimateWell AB. Each SunCool collector contains 8 sorption 
modules and a total aperture area of 1.4 m2 [9][10].  The system comprises collectors with two separate hydraulic 
loops which are connected to a dry cooler, the hot store and a cold store. Where, during the summer, by day, the 
absorber of the collector is heated by solar radiation driving a desorption process within the collector which creates 
condensation heat that is rejected to a dry-cooler used as a heat-sink. During the night the collectors are run in an 
absorption mode where chilled water is obtained from one hydraulic loop and absorption heat is rejected via the 
second hydraulic loop. During the swap from the day time desorption at high temperature to night time absorption at 
low temperature, thermal energy at medium temperature (>50°C) can be recovered and stored for DHW. During the 
heating season the collectors are run like standard solar thermal collectors and recovered thermal energy is used for 
space heating and DHW. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.4. System 3 
System 3 is a combination of systems 1 and 2, where the aforementioned reference system represents the base 
system plus as a supplement to use solar energy in the built environment sorption integrated solar thermal collectors 
with integrated solar photovoltaic modules are employed. Given the fact that photovoltaic modules can provide 
electricity to drive/supplement electricity to the vapour compression chiller during the day and the sorption 
Fig. 1. - Solar-assisted heating and cooling system schematic – System 1 (Left); System 2 (Right) 
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integrated solar collector can provide cooling at night. For the SunCool collector is integrated with solar PV modules 
(see Fig.  2) where each collector has an aperture area of 1.4m2 and PV module area of 0.5.m2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1- Summary of simulated solar heating and cooling retrofit systems 
 Reference System 1 System 2 System 3 
Heating Gas Boiler – Șb = 
0.80 
Gas Boiler – Șb = 
0.80 
Gas Boiler – Ș = 
0.80 
Gas Boiler – Șb = 
0.80 
Cooling Electrical Vapour 
Compression 
Chiller – COP = 3 
Electrical Vapour 
Compression Chiller 
– COP = 3 
Electrical Vapour 
Compression 
Chiller – COP = 3 
Electrical Vapour 
Compression 
Chiller – COP = 
3 
Supplementary 
Solar Energy 
System  
None Monocrystalline 
Photovoltaic Panels 
SunCool Sorption 
Collectors 
SunCool Sorption 
Collectors with 
Integrated PV 
3. Methodology 
Simulations were carried out using TRNSYS (Transient System Simulation Tool) [8] software for simulation of 
the behaviour of transient systems. Space heating and cooling loads were determined based on a generic 140 m2 
single family house multi-zone building model. Demands for heating and cooling were assumed to be completely 
fulfilled by the heating and cooling systems with energy use calculated based on average system efficiencies. The 
PV installation was simulated over an hourly period for an entire year where electricity production was compared 
with electricity demand for cooling. The climatic case of Madrid was used in determination of the space heating and 
cooling loads. In the case of electrical energy deficits, due to high cooling demand and low solar irradiation, 
electrical energy was taken from the electrical grid while excess production was assumed to be exported to the grid 
with an equal cost credit to the imported energy required (yearly net-metering). The sorption integrated solar thermal 
collectors’ simulated heating and cooling energy production was used to meet heating and cooling demands, and 
Fig.  2. – System 3 (Left); the Sorption Integrated Heating and Cooling Collector with Hybrid Photovoltaics Concept (Right) 
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energy deficits were made up by the conventional systems while surplus cooling was stored and surplus heat rejected 
to the environment.  
3.1. Space heating and cooling demands 
A generic building model as employed in the IEA Task 44 was used for the simulation of building heating and 
cooling demands. The building is a two storey single family house (SFH) with a total floor area of 140m2 [6]. Three 
building model types were introduced denoted as SFH15, SFH45 and SFH100 which are based on the yearly average 
heating demand in Strasbourg, France, where the SFH15 had a heating demand of 15 kWh/m2-year and SFH45 and 
SFH100 45 and 100 kWh/m2-year respectively. For the purpose of this study, based on the climatic location the 
building was selected in accordance with the typical U-values for walls, roof and floor [5] the SFH100 building was 
chosen for Madrid. Hourly heating and cooling demands for a typical year for each location were simulated in 
TRNSYS with room temperature set-points of 20°C for heating and 24°C for cooling. The building was simulated 
under ideal heating and cooling scenarios where the thermal energy required for heating or cooling was based on 
unlimited heating and cooling power for maintaining set-point temperatures. 
3.2. Domestic hot water (DHW) demand 
Domestic hot water demand was simulated based on hot water draw off as described in IEA Task 44 based on the 
EU mandate M/324 where the average daily usage is 140 litres per day at 45°C with a cold water temperature of 
10°C for a 4 person family. This corresponds to an average energy demand of 5.845 kWh/day and 2133 kWh/year. 
Given that hot water energy demand is not constant over the entire year winter months (December to March) were 
simulated with DHW demand 120% of the daily average, spring and autumn months (March, April, October, 
November) at 100% of the daily average and summer months (June to September) 80% of daily average [6]. A daily 
demand profile was used in accordance with [6] which simulated daily hot water draws at 15 min intervals for 
showering, baths, washing and cleaning. 
3.3. Reference system simulation 
For the reference system typical efficiency of the boiler unit where no dynamic or part load efficiencies of the 
boiler were taken into consideration, therefore a single average thermal efficiency of 0.8 was used as a constant 
value in the simulation. Similarly, for the vapour compression air conditioning unit, an average COP of 3 [13] was 
used as a constant for all conditions to determine the electrical energy demand based on the cooling demand. 
Dynamic and part load efficiencies were thus not taken into consideration in this case either. 
3.4. Solar PV simulation 
The solar PV system was simulated using the TRNSYS Type 194 PV module model. The model is based on the 
5- parameter model described by Soto et. al. [7] using manufacturer’s data for the Panda YL210C-24b 210W peak 
(Wp) solar module from Yingli. This chosen solar module has an efficiency of 15.6% with open circuit voltage 
30.7V and short-circuit current 9.34A under standard test conditions. The model assumed constant MPPT tracking 
and a system efficiency of 80% [3]. Hourly solar array power (including cell temperature influence) was obtained 
from the simulation with values calculated in kW/m2. Linear scalability of the results was assumed i.e. if for a given 
location; at a given hour the power produced by 1 m2 was 0.15kW, then for a system of 10m2 the output would be 
taken as 1.5kW.  
3.5. SunCool collector simulation 
The SunCool sorption integrated collector system was simulated using TRNSYS Type 1 solar collector model, 
and Type 4 tank during the winter months where the collector operates like a standard solar thermal collector with an 
intercept efficiency of 0.793, efficiency slope of 2.6 W/m2K and efficiency curvature of 0.013 W/m2K2. For winter 
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operation DHW temperatures are 45°C to to 55°C according to [6] taken directly from the hot store while space 
heating is at 50°C. For summer operations, in cooling mode, an empirical model was employed using characteristic 
equations [9] [10] based on laboratory and field measurements. This allowed for calculation of cooling energy, 
cooling power, and energy for domestic hot water heating of the system based on total daily solar insolation, ambient 
temperature and cooling delivery temperature. Similar to the case of the solar PV installation the SunCool collector 
system was considered directly scalable between 1 and 20m2 based on collector aperture area. The SunCool collector 
system was used to meet night time cooling demands, and surplus cooling was stored for use the following day. The 
cold store tank dynamics were not simulated however, stored cooling energy could be utilised within a 12 hour 
period at a 20% penalty (i.e. 20% storage losses were assumed). An average electrical COP of 11 was used for the 
SunCool system operating in the summer (cooling) mode and an electrical COP of 45 for the collector operating in 
winter (heating) mode [10], [12].  
Table 2 - Characteristic equations used in simulation of System 2 and System 3 performance 
Parameter CharacteristicEquation Condition
CoolingPower(W) Qcool (W)=Ͳ3.31*(ȴTlift)+113.69 (1) Ͳ
MaximumCooling
Energyat100%
Desorption(Wh)
EcoolͲmax(Wh)=Ͳ6.23*(ȴTlift)+334.26 (2) H>6.3kWh/m2Ͳday
EnergyforDHW
(Summer) EDHW(kWh/m
2)=0.35 (3) H>3.0kWh/m
2
TDHW=55°C
CoolingEnergyat
DesorptionLevels
below100%(Wh)
Ecool(Wh)=(0.1502*H+0.061)*EcoolͲmax
 (4)

6.3>H>3.0kWh/m2
4. Economic analysis 
An economic analysis was done to compare savings for each given system. No incentives, subsidies or tax 
reductions have been taken into consideration. The economic analysis includes the calculation of cost savings for 
each system at current energy prices versus the reference system. Additionally, sensitivity analyses were carried out 
to determine the influence of natural gas and electricity prices on cost saving potential of each solar energy system 
for different sizes.   
4.1. Electricity and natural gas prices and sensitivity analyses 
Electricity prices were taken as an average between 2010 and 2013 for typical household consumption [11] (i.e. 
between 2500 and 5000 kWh per annum), all taxes and levies have been included in these electricity prices. For 
Spain the average electricity price was 0.2052 euro/kWh. Natural gas prices were taken as an average between 2010 
and 2013 for typical household consumption [11] (i.e. between 20GJ and 200GJ per annum), all taxes and levies 
have also been included in these prices. For Spain the average natural gas price was 0.0534 euro/kWh. Sensitivity 
analyses were carried out to see the influence of a 15% increase and a 15% decrease in both electricity (0.2052 ± 
0.03078 euro/kWh) and natural gas prices (0.0534 ± 0.00801 euro/kWh) on the savings potential of each system. 
5. Results 
For the simulated building in the chosen location of Madrid the average space cooling demand was 36.1 kWh/m2-
annum while the corresponding space heating demand was 61.7 kWh/m2-annum. The average daily insolation was 
4.53 kWh/m2-day (on a due south horizontal surface) and the cooling season was from May 1 until October 31. For 
System 1 at sizes larger than 10 m2 the average annual electricity production was greater than the electrical demand 
of the vapour compression chiller used for cooling. Therefore further energy savings (attributed to space cooling) 
couldn’t be achieved with larger system sizes.  System 2 provided similar proportions of space cooling, heating and 
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DHW savings for a year of simulation where Fig. 3 below shows energy savings for 15 m2 systems. System 3 
provided a larger portion of space cooling than System 2 due to the integrated PV modules that offset a larger 
amount of electricity used by the vapour compression chiller based primary cooling system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Simulation of various sizes of the supplementary systems using solar energy was carried out in a range of 5 to 20 
m2 of solar aperture area in order to observe the influence of system size on the solar fraction (i.e. the fraction of the 
overall thermal energy demand, including space cooling, heating and DHW preparation, covered by solar energy). 
Fig. 4 shows the solar fraction for Systems 1 to 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Energy cost savings for each system were calculated where System 3 showed the highest savings due to a 
mixture of both energy yield from the solar thermal cooling system as well as the collectors’ integrated photovoltaic 
modules. Additionally, the results from the sensitivity analysis for natural gas and electricity prices were calculated 
all summarised in the figure below. 
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Fig. 3. – Energy savings for each system type. 
Fig. 4. - Solar fraction for different system sizes for each system type. 
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
System1 System2 System3 System1 System2 System3 System1 System2 System3 System1 System2 System3
Reference 5m2 10m2 15m2 20m2
Th
er
m
al
E
ne
rg
y
De
m
an
d
(k
W
h)
SpaceCooling SpaceHeating DHW
416   Corey Blackman et al. /  Energy Procedia  70 ( 2015 )  409 – 417 
 
 
 
 
 
 
 
 
 
 
 
6. Discussion 
Via the rudimentary analysis it can be seen that all 3 systems provide energy and thus energy cost savings under 
the simulated conditions. For a 5m2 system System 1 and System 2 have solar fractions around 16% but due to the 
fact that System 1 offsets more electricity which has almost 4 times higher price than natural gas, the energy cost 
savings of the System 1 are higher than System 2. As system size increases System 1 is limited by the fact that it can 
only offset electricity demand with System 2 and System 3 exhibiting higher solar fraction and energy cost savings. 
In this study net metering is assumed; if net metering or an equivalent feed-in tariff isn’t available and all PV 
electricity cannot be consumed onsite, this would negatively affect potential cost savings since around 36% of PV 
electricity is produced outside of the cooling season. 
System 3’s capacity for day and night time cooling demand supplement during the cooling season as well as 
space heating and DHW supplement throughout the year may have major potential for places lacking net-metering 
or those with low feed-in-tariff incentives. 
As expected increased gas prices and lower electricity prices favours System 2 as it supplements a larger 
percentage of the heating loads while higher electricity prices favour the use of photovoltaics which provides for 
increased savings from Systems 1 and 3. In order to improve System 1’s overall energy yield it may be coupled to a 
heat pump or reversible chiller to supplement the space heating and DHW load. 
The study shows that cost savings increase incrementally with increasing system size, which means that for larger 
systems higher investment costs are possible. In the case of System 3 which has the highest cost savings potential, 
investment costs would also expected to be higher than System 1 or System 2 since it involves a combination of 
both technologies. However, given the synergy of having both technologies melded into a single collector this might 
beneficial for overall installation costs when compared to installing each technology separately.  
A large portion of heat is rejected to the ambient when employing solar thermal cooling systems [9], harnessing 
this low grade energy to carry out useful heating (e.g. pool heating) could significantly improve energy savings for 
Systems 2 and 3. However, further studies are proposed with system dynamics, controllers for coupling PV and 
vapour compression units for Systems 1 and 3 and also possible building integrated thermal storage for Systems 2 
and 3 to fully understand each system’s potential energy and cost savings. 
Fig. 5.  – Energy cost savings based on the average and ±15% variation of natural gas (left) or electricity prices (right) according to system 
size.  
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7. Conclusions 
A methodology employing simplified simulation models has been defined to investigate retrofitted solar heating 
and cooling system solutions using photovoltaics (System 1), integrated sorption module collectors (System 2), and 
a hybrid collector concept employing integrated sorption module collectors with integrated photovoltaic modules 
(System 3). System 1 has a solar fraction up to 0.32 which is primarily limited by the fact that it only produces 
electricity to offset the electricity demand for cooling. System 2 and System 3 have the highest solar fractions of 
0.42 and 0.64 respectively due to their capacity to supplement both heating and cooling demands. Annual energy 
cost savings range from €173 to €346 for System 1, €153 to €386 for System 2 and €205 to €615 for System 3 under 
the simulated building conditions in Madrid, Spain. System 1 is more appropriate for locations with high cooling 
demands and adequate feed-in tariffs. System 2 and 3 show more potential for locations with high heating demands 
and/or low electricity feed-in tariffs.  
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